malian dorsal cochlear nucleus (DCN) integrates auditory nerve input with nonauditory signals via a cerebellar-like granule cell circuit. Although granule cells carry nonauditory information to the DCN, almost nothing is known about their physiology. Here we describe electrophysiological features of synaptic inputs to granule cells in the DCN by in vitro patch-clamp recordings from P12 to P22 rats. Granule cells ranged from 6 to 8 m in cell body diameter and had high-input resistance. Excitatory postsynaptic currents consisted of both AMPA receptor-mediated and N-methyl-D-aspartate receptormediated currents. Synaptically evoked excitatory postsynaptic currents ranged from Ϫ25 to Ϫ140 pA with fast decay time constants. Synaptic stimulation evoked both short-and long-latency synaptic responses that summated to spike threshold, indicating the presence of a polysynaptic excitatory pathway in the granule cell circuit. Synaptically evoked inhibitory postsynaptic currents in Cl Ϫ -loaded cells ranged from Ϫ30 to Ϫ1,021 pA and were mediated by glycine and, to a lesser extent, GABA A receptors. Unlike cerebellar granule cells, DCN granule cells lacked tonic inhibition by GABA. The glycinergic synaptic conductance was mediated by heteromeric glycine receptors and was far stronger than the glutamatergic conductance, suggesting that glycinergic neurons may act to gate nonauditory signals in the DCN.
Although granule cells carry nonauditory information to the DCN, almost nothing is known about their physiology. Here we describe electrophysiological features of synaptic inputs to granule cells in the DCN by in vitro patch-clamp recordings from P12 to P22 rats. Granule cells ranged from 6 to 8 m in cell body diameter and had high-input resistance. Excitatory postsynaptic currents consisted of both AMPA receptor-mediated and N-methyl-D-aspartate receptormediated currents. Synaptically evoked excitatory postsynaptic currents ranged from Ϫ25 to Ϫ140 pA with fast decay time constants. Synaptic stimulation evoked both short-and long-latency synaptic responses that summated to spike threshold, indicating the presence of a polysynaptic excitatory pathway in the granule cell circuit. Synaptically evoked inhibitory postsynaptic currents in Cl Ϫ -loaded cells ranged from Ϫ30 to Ϫ1,021 pA and were mediated by glycine and, to a lesser extent, GABA A receptors. Unlike cerebellar granule cells, DCN granule cells lacked tonic inhibition by GABA. The glycinergic synaptic conductance was mediated by heteromeric glycine receptors and was far stronger than the glutamatergic conductance, suggesting that glycinergic neurons may act to gate nonauditory signals in the DCN.
I N T R O D U C T I O N
The dorsal cochlear nucleus (DCN) is a major termination point of auditory nerve fibers. Its array of principal cells and interneurons compose a circuit that is finely tuned to spectral components of sound, and as such may encode the location of a sound source (Oertel and Young 2004) . In addition to this computation based on information from primary afferent fibers, the DCN also receives input from diverse brain regions through a system of auditory granule cells and their parallel fiber axons. Granule cells are the smallest neurons in the cochlear nucleus and are found in the granule cell region of the cochlear nuclear complex and distributed at lower density through the outer layers of the DCN itself (Mugnaini et al. 1980b) .
Thus the granule cell system provides an essential element in the convergence of somatosensory and auditory signals at an early stage of sensory processing. Such integration may play a role in the suppression of predicted body-generated sounds (Shore 2005; Zhou and Shore 2006) or orientation of the head or ears to a sound source (Kanold and Young 2001; May 2000; Sutherland et al. 1998; Young and Davis 2002) . Given the potential importance of this nonauditory pathway, it is surprising that very little is known about the physiology of synaptic inputs to granule cells.
Each granule cell has one to four short dendrites that give rise to small terminal expansions resembling the claw-like endings of cerebellar granule cells (Mugnaini et al. 1980a,b; Wright and Ryugo 1996) . Their dendrites may receive input from neurons of higher auditory centers, such as the inferior colliculus (Caicedo and Herbert 1993) , auditory cortex (Schofield and Coomes 2005; , and olivocochlear neurons (Brown et al. 1988) . Granule cells also receive nonauditory projections from trigeminal ganglion, dorsal column nuclei, and spinal trigeminal nuclei (Haenggeli et al. 2005; Itoh et al. 1987; Shore et al. 2000; Weinberg and Rustioni 1987; Wright and Ryugo 1996; Zhou and Shore 2004) as well as vestibular ganglion and nucleus (Bukowska 2002; Burian and Gstoettner 1988; Kevetter and Perachio 1989) . Ultrastructural studies reveal both bouton-like and classical mossy terminals on granule cell dendrites (Alibardi 2004; Mugnaini et al. 1980a; Wright and Ryugo 1996) , and it is likely that these extrinsic inputs are mainly glutamatergic (Ottersen et al. 1990; Wright and Ryugo 1996; Zhou et al. 2007 ). However, axons of presumably cholinergic efferents also terminate among some granule cells (Benson and Brown 1990) . Finally, putative inhibitory inputs have been observed, and these may be GABA-and/or glycinergic (Alibardi 2003a (Alibardi ,b, 2004 .
We have been interested in how such diverse inputs to granule cells are integrated physiologically and how they are modified by local circuits. Here the electrophysiological features of synaptic transmission in granule cells of the DCN were explored using in vitro patch-clamp recordings. We found that excitation was mediated by AMPA and N-methyl-D-aspartate (NMDA) receptors and that a local, polysynaptic circuit may contribute to this excitation. Powerful synaptic inhibition was mediated by both GABA and glycine and likely serves to gate the entry of nonauditory signals into the DCN.
M E T H O D S
All experiments were performed according to protocols approved by the Oregon Health and Science University Animal Care and Use Committee in accordance with National Institutes of Health guidelines.
with the same extracellular solution used for preparing the slices. In experiments with reduced Ca 2ϩ , Ca 2ϩ was replaced by equimolar amount of Mg 2ϩ . For current-clamp recordings, a K-gluconate-based internal solution was used composed of (in mM) 113 K-gluconate, 4.5 MgCl 2 , 9 HEPES, 0.1 EGTA, 4 ATP, 0.3 GTP, and 14 Tris-phosphate and pH adjusted to 7.3 with KOH. Recording pipettes were pulled from borosilicate glass capillaries and had 9-to 11-M⍀ tip resistance when filled with the K-gluconate internal solution. Pipettes were wrapped with Parafilm to minimize capacitance. Voltages were corrected off-line for a 12-mV junction potential. In voltage-clamp recordings, a CsCl-based internal solution was used containing (in mM) 140 CsCl, 4.6 MgCl 2 , 10 HEPES, 4 ATP, 0.4 GTP, and 0.2 EGTA, and pH adjusted to 7.3 with CsOH. The command voltages were not corrected for a 3-mV junction potential, except as noted.
Recordings were made with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Data were filtered at 2.2 kHz, digitized at 5 kHz, and stored on a laboratory computer using a Digidata 1200 interface (Axon Instruments) and pClamp 9.2 software (Axon Instruments). Synaptic responses were evoked by 5-to 20-V, 100-s voltage pulses delivered through a bipolar glass electrode that was placed 30 -40 m away from the cell body to activate presynaptic axons. The maximum acceptable series resistance was ϳ35 M⍀. Recordings with and without compensation on-line by 70 -80% (lag: 10 s) displayed little difference in current amplitudes. Drug concentrations were 20 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 10 M 6,7-dinitroquinoxaline-2,3-dione (DNQX), 10 M 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), 50 M D-2-amino-5-phosphonopentanoic acid (D-AP5), 0.5 M strychnine, 1 mM QX-314, 10 M bicuculline, and 10 M SR-95531. Tonic current was measured in the presence of 20 M DNQX, 50 M D-AP5, 0.5 M strychnine, and 2 M GABA, whereas 100 M bicuculline was puffed on the granule cells held at Ϫ70 mV.
The majority of our recordings (n ϭ 69 cells) were made from DCN granule cells occupying the molecular, fusiform and deep layers, which was described as the seventh subregion by Mugnaini et al. (1980) . We also compared these with the glycinergic responses of 7 granule cells from the granule cell regions in the medial border of the DCN and the ventral cochlear nucleus (VCN), corresponding to the third subregion of Mugnaini et al. (1980) . Granule cells were viewed using a Zeiss Axioskop FS microscope equipped with differential interference contrast optics and a ϫ40 water-immersion objective. Because there are other small cell types in the DCN such as unipolar brush cells and chestnut cells , we loaded each recorded neuron with Alexa Fluor-488 (Molecular Probes, Eugene, OR) to identify the cell type under fluorescence illumination. Cells were imaged after recording using a Till Photonics Polychrome IV monochrometer and Sensicam camera. In a few cases ( microscope. Drugs were dissolved in extracellular solution. In some cases, drugs were first dissolved in DMSO such that the final concentration was Ͻ0.01%.
Data analysis
The data were analyzed with Clampfit 9.2 software (Axon Instruments). The decays of evoked postsynaptic currents were fit by singleor double-exponential function (based on the improvement of the summed square error):
, where D(t) is the decay of the evoked current as a function of time (t); A fast and A slow are amplitude constants, and fast and slow are fast and slow decay time constants, respectively. In some cases, adding the second exponent did not significantly decrease the summed square error, and so A slow was set to 0. The weighted decay time constant was calculated as wd ϭ (A fast ϫ fast ϩ A slow ϫ slow )/(A fast ϩ A slow ). Percentage of fast component was calculated as % Fast ϭ [A fast /(A fast ϩ A slow )] ϫ 100. All results are expressed as means Ϯ SD (except as noted).
Fluctuation analysis
Peak-scaled nonstationary fluctuation (Momiyama et al. 2003; Traynelis et al. 1993) analysis was used to estimate the weighted mean of single-channel currents of receptors underlying glycinergic synaptic currents in granule cells. Quantal fluctuation generated large disparities in IPSC amplitude from trial to trial. Because largeramplitude events tended to be somewhat slower, events were selected so that the analyzed dataset did not vary in amplitude more than twofold. No time-dependent changes in amplitude were apparent (Momiyama et al. 2003; Traynelis et al. 1993) . Traces containing obvious delayed releases of quanta or spurious noise were also eliminated. An analysis routine was implemented in Axograph X 1.0 (AxographX), which scaled an averaged IPSC to each event, subtracted these, and determined the variance along the decay phase of the currents. Mean variance and amplitude were obtained for data binned by dividing the currents into 100 segments by amplitude; these were then plotted as a variance-mean graph and a line was fit to the first 25% of the curve to obtain single-channel current. The accuracy of the analysis routine was checked by simulation. Synaptic currents were simulated using a routine in WCP 3.3.9 (Stratheclyde Electrophysiology Software) which employs a three-state model (unboundclosed-open) . Binding and unbinding rates (in 1/s) were 200,000 and 10,000, respectively, whereas opening and closing rates were 50,000 and 500, respectively. One hundred channels were modeled with a coefficient of variation of 20%. Baseline noise was set to 5 pA. With a decay time of 100 s for transmitter and channel amplitudes of 3-4 pA, this model yielded currents that resembled those we recorded in size and decay time. We then generated datasets with channel amplitudes of either 3 or 4 pA and filtered the data at 10, 1, or 0.3 kHz. For any setting, the measured single-channel current was within 3% of the simulated value.
R E S U L T S

Identification of granule cells
Granule cells were identified based on their size and location in the DCN, as described by Mugnaini et al. (1980b) . By imaging dye-loaded neurons, we could safely exclude recordings from other, slightly larger neurons such as unipolar brush cells and chestnut cells in the DCN (Ryugo et al. 2003) . In several cases, we also imaged cells using two-photon microscopy; examples are shown in Fig. 1 . In these images, and also from our routine imaging after each recording, granule cell somata ranged from 6 to 8 m in diameter and had one to three short dendrites as reported previously (Mugnaini et al. 1980a ). Not every dendrite included a prominent claw-like ending, and in some cells, no claws were apparent, consistent with innervation by nonmossy (bouton) input (Wright and Ryugo 1996; Zhou and Shore 2004) .
Intrinsic properties of granule cells
The membrane capacitance of granule cells, assessed with brief, 5-mV voltage steps, was 3.3 Ϯ 1.0 pF (n ϭ 31). At 1 F/cm 2 , this value corresponds to a diameter of 10 m, slightly larger than our direct measurements; the difference in measured and estimated sizes could be explained by the added capacitance of the dendrites. The average input resistance, measured in a potential range near Ϫ60 mV, was 2.3 Ϯ 0.8 G⍀ (n ϭ 22). Accordingly only small currents were needed to drive spike activity in these cells. Firing properties were studied by long-and short-duration current injections and the results are similar to those of Rusznak et al. (1997) . Typical responses to 400-ms current injections of Ϫ30 to ϩ35 pA are shown in Fig. 2 . Hyperpolarizing pulses did not generate a voltage "sag," suggesting little expression of I H in these cells. Repetitive action potentials could be elicited with injections of as little as ϩ15 pA (Fig. 2, A and B) . At ϩ30 pA, the mean firing rate was 115 Ϯ 41 Hz (n ϭ 5). Five consecutive brief current pulses (duration, 1 ms; interval, 3 ms), ranging from 5 to 205 pA, were injected to assess how well the cells could respond to synaptic-like stimuli. Current stimuli between 5 and 25 pA could not elicit action potentials (n ϭ 5; Fig. 2C ). With 45-pA short-duration current injections, summating potentials reached spike threshold, and only at 205 pA was each stimulus able to elicit a spike. The average amplitude of brief current pulse needed to trigger a spike was 177 Ϯ 30 pA (n ϭ 5).
EPSC pharmacology and kinetics
Glutamatergic synaptic currents were isolated using a cocktail of SR-95531 (10 M) and strychnine (0.5 M) to block inhibitory events. At a holding potential of Ϫ70 mV, maximal evoked EPSCs had a peak amplitude of Ϫ61.5 Ϯ 31.3 pA (n ϭ 17) and were completely blocked by CNQX (20 M), indicating that they were mediated by AMPA/kainate receptors (Fig. 3, A and B , Table 1 ). The EPSC decay at Ϫ70 mV was fitted by a doubleexponential function with time constants of 1.0 Ϯ 0.4 ms (n ϭ 16) and 14.2 Ϯ 7.9 ms (n ϭ 15; Table 1 ). As shown in Fig. 3 , C and D, EPSCs evoked at positive holding potentials included a prominent, slow NMDA component (Table 1) , blocked by D-AP5 (50 M; data not shown). Consistent with the presence of both AMPA and NMDA components of the EPSC, I-V relations for peak current were roughly linear in control solutions but exhibited outward rectification in the presence of NBQX (Fig. 3C) . Table 1 uses the reversal potential determined from these IVs (ϩ1.38 mV) to estimate the synaptic conductance. During high-frequency stimulation at Ϫ70 mV, a summated current appeared as a slow decay after the termination of stimulation (Fig. 3E ). This slow current was quantified as the current level at the base of the last EPSC. For 100-Hz stimuli, the current was Ϫ40 Ϯ 35 pA (n ϭ 7) and had a decay time constant of 77 Ϯ 18 ms, similar to that of NMDA EPSCs. However, because the slow decay was observed at potentials at which NMDA receptors should be largely blocked by Mg 2ϩ , it is possible that it represents activation of AMPA receptors by residual glutamate, as observed for cerebellar granule cells (Overstreet et al. 1999) .
EPSCs versus EPSPs
To determine whether a single EPSC could elicit an action potential, we compared the amplitude of EPSCs and excitatory postsynaptic potentials (EPSPs) while varying the stimulus voltage. With weak stimuli, short-latency, monosynaptic inputs were apparent; these showed one or more incremental increases with stimulus strength (Fig. 4A) . Further increase in the stimulus voltage often triggered additional, longer-latency responses. Such delayed firing of inputs, observed in 12 of 18 cells, indicates the presence of polysynaptic excitation of granule cells. To compare the evoked EPSC to EPSP, we used the same stimulation condition to elicit EPSPs in current clamp. In four of five cells, the initial EPSPs, generated as stimulus strength was gradually increased, were subthreshold. In the remaining cell, weak stimulation produced spikes in only 3% of the responses (Fig. 4B, 15-V response) . With a brief train (100 Hz) of weak stimuli, the EPSPs summated and produced action potentials in all seven cells that were analyzed (Fig. 4B) . With high stimulation, each stimulus elicited one or more action potentials as shown in Fig. 4B . Recruitment of polysynaptic EPSPs was noted in three of eight cells of which 33% elicited spikes.
IPSC pharmacology and kinetics
A cocktail of DNQX (20 M) and D-AP5 (50 M) was used to block excitatory events and thereby isolate inhibitory synaptic responses. As shown in Fig. 5A , synaptically evoked IPSCs at a holding potential of -70 mV were mainly blocked by strychnine (0.5 M) with the remaining current blocked by bicuculline (10 M). Synaptic currents recorded in the presence of glutamate receptor blockers plus bicuculline were considered glycinergic. The average glycinergic IPSC amplitude was Ϫ528 Ϯ 304 pA (n ϭ 20), and its decay time was fitted by double-exponential function with average time constants of 16.7 Ϯ 15.1 and 73.3 Ϯ 67.9 ms (n ϭ 20). Table 1 shows these average values and compares synaptic conductances for the different transmitters. As shown in Fig. 5B , glycinergic IPSCs were able to follow highfrequency stimulation. At 100 Hz, the summated current was Ϫ238 Ϯ 92 pA (n ϭ 11). Similar glycinergic responses were observed in seven granule cells of the granule cell region in between the DCN and VCN (data not shown).
In many cells, strychnine did not completely block the IPSC; in these, the remaining current was blocked by bicuculline, indicating a substantial GABAergic input to granule cells (Fig. 6) in agreement with the ultrastructural immunogold labeling studies (Alibardi 2003a). The average GABAergic IPSC was Ϫ241 Ϯ 128 pA (n ϭ 8), and its decay time was fitted by double-exponential function with an average fast decay constant of 4.5 Ϯ 1.5 ms and slow decay constant of 32 Ϯ 14 ms (Table 1) . Thus GABAergic inputs were both weaker and faster than glycinergic synapses. As with glycinergic currents, GABAergic currents were able to follow high-frequency stimulation, as shown in Fig. 6C . At 100 Hz, the summated current (current at foot of last IPSC) was Ϫ136 Ϯ 59 pA, n ϭ 4.
DCN granule cells lack tonic inhibition
In cerebellar granule cells, ambient GABA produces a prominent tonic inhibition mediated by GABA A receptors containing ␣6 and ␦ subunits (Farrant and Nusser 2005; Santhakumar et al. 2006) . Because DCN granule cells contain ␣6 but lack ␦ subunits (Campos et al. 2001) , we predicted that they would also lack tonic GABA current. To compare the background GABA sensitivity of DCN granule cells to cerebellar granule cells quantitatively, we made recordings from both cell types and examined the ability of local application of bicuculline to block tonic current activated by 2 M GABA (Fig. 7A) . Values are mean Ϯ SD. Conductances calculated with driving force of Ϫ74.4 mV (AMPA), ϩ45.6 mV (NMDA), Ϫ70.4 mV (GABA/glycine).
All-points histograms were obtained to assess the effect of the blocker on the holding current ( To test if activity in the DCN might raise ambient GABA to higher levels, we bathed slices in 100 M 4-AP, which increased spontaneous IPSC activity, presumably due to spontaneous spiking in interneurons. In three cells, the IPSC rate was 10 Ϯ 7 Hz. Bath application of 10 M SR-95531 markedly reduced the amplitude of these events (Fig. 7D ) but did not change the baseline current between events (mean change, Ϫ0.9 Ϯ 3.4 pA, P ϭ 0.68). Thus neither intense synaptic activity nor exogenous GABA application was sufficient to generate a tonic current. Moreover, given the absence of glycine receptor isoforms with sensitivity comparable to the ␣6-␦ containing GABA receptors, it seems unlikely that there might be a tonic glycine current. Indeed local, puffer application of 50 M strychnine blocked background current by 0.00 Ϯ 0.04% (n ϭ 6, P ϭ 0.91).
Numbers of glycine inputs and receptors
Because glycinergic inputs seemed particularly powerful in granule cells, we asked how many synapses and how many receptors would be needed to generate such relatively large currents. The strength of a single input was estimated by first recording IPSCs in normal bath Ca 2ϩ (Fig. 8Ai) and then dropping Ca 2ϩ to 0.75 mM (Fig. 8A ). At this [Ca 2ϩ ], IPSCs fluctuated widely in amplitude, often failing to occur. The apparent modal amplitude in this cell, excluding failures, was Ϫ40 pA; among five cells examined, the mean excluding failures was 86 Ϯ 77 pA. This probably overestimates the strength of a single input, as some events must be due to more than one quantal release. We tried to plot these as amplitude histograms to determine a modal unitary value over the population, but the scatter was too great to resolve a peak. Moreover, miniature IPSCs in TTX (0.5 M) were rarely observed in these cells and so could not be used to estimate unitary IPSC size.
Because of the high-input resistance of granule cells (and attendant low noise), we were sometimes able to resolve single glycine channel currents on the decay phase of the IPSCs (Fig.  8B ) as observed previously in young spinal neurons (Takahashi and Momiyama 1991) . These were recorded in the presence of CNQX (20 M), D-AP5 (50 M), and SR-95531 (10 M) at a holding potential of -70 mV. The current during the decay phase of the IPSCs were represented as histograms which showed peaks corresponding to the presence of channel openings (Fig. 8C) . These peaks were fit with Gaussian curves and the difference between adjacent peaks taken as the amplitude of individual channel openings. (Fig. 8C) . Single-channel conductance was calculated from such step currents in nine cells (Fig. 8D) , assuming a reversal potential of Ϫ2.6 mV (see Fig. S1 1 ); these gave an average conductance of 48.2 Ϯ 9.3 pS (n ϭ 9; average current 3.39 Ϯ 0.65 pA, holding potential corrected for junction potential), indicating the presence of heteromeric synaptic glycine receptors in these cells (Legendre 2001) .
This estimate was based on the largest single-channel currents in the IPSC decay, which presumably have the biggest effect on the shape of histograms, as in Fig. 8C . However, glycine receptors exhibit several subconductance states (Bormann et al. 1987) , and it is possible that these contribute significant current to the IPSC. We therefore used peak-scaled nonstationary fluctuation analysis to assess the weighted mean of the channel currents during IPSCs (see METHODS) . Figure 9A shows an example of individual traces and their mean selected for this analysis from one cell. After scaling the mean to each trace and subtracting them, we obtained the average variance during the decay phase of the IPSCs and plotted this against the mean current, as shown in Fig. 9B . A line fitted to the initial slope for this curve yielded a mean single-channel current of 2.86 pA. Similar measurements from a total of six neurons gave a mean current of 3.27 Ϯ 1.08 pA and a mean conductance of 46.4 Ϯ 15.3 pS (Fig. 9C) , not significantly different from our single-channel recordings described above. Thus sub- 1 The online version of this article contains supplemental data. conductance states probably do not contribute significantly to the single-channel currents underlying glycinergic IPSCs of granule cells. Given this estimate of single-channel current, we can evaluate the number of channels at each synapse. With a minimal synaptic strength of 86 pA and a mean of 528 pA for the evoked response, a minimum of 6 synapses each with ϳ25 receptors could account for the evoked IPSC. These values represent underestimates since the probabilities of transmitter release and of channel opening are most likely less than one.
Action of glutamate and glycine on single-unit responses
Given that glycine may be excitatory in some neurons of the DCN (Golding and Oertel 1996) , we monitored spikes extracellularly in granule cells using a cell-attached pipette and then applied exogenous glycine to determine its effects on firing, using application of glutamate as a control. On glutamate application (100 M) for 10 ms, the activity of the granule cell increased by Ͼ75% in all three cells examined (Fig. 10, A and C) . By contrast, on glycine application (100 M) spikes were inhibited by Ͼ80% in all four cells examined (Fig. 10, B and C) . Thus we infer from these results that IPSCs are strongly inhibitory and that the reversal potential for glycine is probably negative to the resting membrane potential.
D I S C U S S I O N
Excitatory synaptic inputs to granule cells
Anatomical and histochemical studies have demonstrated both glutamatergic mossy and small bouton endings on granule cells originating from diverse brain regions (Ryugo et al. 2003; Schofield and Coomes 2005; Wright and Ryugo 1996; Zhou and Shore 2004) . With the use of pharmacological blockers, we were able to explore the physiological properties of these inputs. Glutamatergic transmission to granule cells utilized both AMPA and NMDA subtypes of glutamate receptors, consistent with antibody staining for glutamate receptors in granule cells (Petralia et al. 2000) . Together these inputs generated excitatory signals, the magnitude and timing of which depended on the strength and frequency of stimulation. A single, weak stimulus produced EPSPs that were rarely suprathreshold. Stronger shocks elicited larger, suprathreshold EPSPs but also recruited delayed EPSPs that we interpret as polysynaptic. The short-latency events presumably reflect activation of different mossy or bouton inputs to the granule cell's modest dendritic tree. The longer-latency events might reflect mossy/bouton activation of local excitatory neurons, such as unipolar brush cells. Little is known about such interneurons in the cochlear nucleus, but their counterparts in the cerebellar cortex make presumptive excitatory contact with granule cells and may serve to amplify extrinsic excitatory signals (Alibardi 2004; Mugnaini et al. 1997; Nunzi et al. 2001; . Given that single inputs appear to have little power to elicit spikes, these data suggest that granule cells are most effectively driven by integration of different inputs. Moreover, given the diverse sources of input to the granule cell system, these cells may integrate signals from different brain regions and sensory modalities.
Our data suggest that both the long-lasting excitatory drive from NMDA receptors and the presence of polysynaptic activity should promote lengthy depolarizing currents during bursts of somatosensory inputs. Although brief current injections could fire well-timed spikes (Fig. 2) , the timing of spikes generated by prolonged excitation would likely be determined by the granule cell's intrinsic properties. Both our work, and that of Rusznak et al. (1997) , shows that granule cell firing rate reflects the DC level of excitatory current. This firing rate is tightly regulated by A-type (inactivating) K ϩ currents in these cells (Rusznak et al. 1997) . Moreover, because these channels are reprimed by hyperpolarization, as might be experienced during inhibitory signals, it is likely that they could contribute to the length of time strong GABAergic/glycinergic signals halt firing or alter the timing of firing during background levels of inhibitory activity (Street and Manis 2007) .
Inhibitory synaptic inputs to granule cells
IPSCs in granule cells were generated by both glycine and GABA. We were not able to determine if these were released from the same axons, but this seems possible based on previous immunohistochemical work (Alibardi 2003a). By determining the reversal potentials for excitatory and inhibitory currents, we could compare the relative strength of synaptic conductances mediated by the three transmitters (Table 1) . From these it was clear that in response to low-frequency stimuli the GABA conductance was nearly four times larger than the AMPA-R (glutamate)-mediated response, and the glycine conductance was nearly nine times larger. Although glutamatergic currents summated to produce a slower decaying current, a similar observation was made for IPSCs with current magnitudes consistent with the larger single-stimulus response. Thus GABA-and glycinergic inputs to granule cells synapses are well suited to abruptly overwhelm excitatory synaptic activity. Differences were observed however between GABA-and glycine-mediated transmission with GABAergic currents having amplitudes and decay times that were less than half those of glycinergic currents. Glycinergic IPSC decay times were also much slower than those reported for other auditory neurons, such as the VCN bushy cells (Lim et al. 1999) , MNTB (Awatramani et al. 2005) , LSO (Nabekura et al. 2004) , and MSO (Magnusson et al. 2005) . Thus although glycine is the major fast inhibitory transmitter of the auditory brain stem, its effects on granule cells are unique and seem better suited to produces slow changes in the level of excitation than interacting in a rapid, phasic way with well-timed excitatory signals.
The sources of inhibitory inputs to granule cells are not known. Within the DCN, it is possible that stellate, tuberculoventral, cartwheel, or Golgi neurons could make inhibitory inputs on granule cells (Alibardi 1999 (Alibardi , 2003a Manis et al. 1994) , whereas D-stellate/radiate cells might provide input from the ipsi-or contralateral VCN (Doucet et al. 1999; Schofield and FIG. 9. Peak-scaled nonstationary fluctuation analysis on glycinergic IPSCs. A: 34 IPSCs (gray) and their mean (black). Currents were selected to have less than twofold range of amplitudes and lack delayed IPSCs riding on their decay phase. B: binned values for variance vs. mean of the current decay from the peak of the IPSCs to their baseline. A line fit to the initial part of the curve had a slope of 2.86 pA (r ϭ 0.99). C: comparison of single-channel currents during IPSCs estimated from single-channel measurements (n ϭ 9) and fluctuation analysis (n ϭ 6). Cant 1996; Wenthold 1987) . Because the granule cell pathway is essential in the convergence of nonauditory input to the DCN (Shore 2005) , the inhibition we have described could play an essential role in sculpting the response to somatosensory stimuli. If inhibition is triggered by such somatosensory input, then it could alter the temporal profile of granule cell firing, suppress granule cell activation by different sensory modalities, or possibly permit higher brain regions to control the convergence of sensory streams. It is interesting to consider that granule cells might be inhibited by neurons that are primarily activated by auditory input (e.g., D-stellate cells); this would suggest a powerful means for gating multimodal input to the DCN by acoustic signals. Recent studies have indicated that parallel fiber synapses to cartwheel and fusiform cells undergo usedependent synaptic plasticity (Fujino and Oertel 2003; Tzounopoulos et al. 2004 Tzounopoulos et al. , 2007 , which might function to adjust the strength of multimodal signals in the DCN. It will be of interest to determine whether the strength of inhibitory inputs to granule cells also exhibit plasticity. Further studies are needed to determine whether the inhibition is generated from cells activated by parallel fibers (feedback inhibition) or from cells activated by afferent fibers.
Comparison to cerebellar granule cells
The close similarities of auditory granule cells to those of the cerebellar cortex have been described in detail for different species at the anatomical (Hackney et al. 1990; Mugnaini et al. 1980a,b) , embryological (Ivanova and Yuasa 1998) , and molecular levels (Fünfschilling and Reichardt 2002; Juiz et al. 1996) . Our study suggests similarities also in the physiology of excitatory but not in inhibitory transmission. DCN granule cell EPSCs were comparable with respect to amplitude and decay time with those of the cerebellum (D'Angelo et al. 1993; Silver et al. 1992) . The presence of NMDA receptor-mediated currents could enhance the summation of EPSPs and is comparable to cerebellar granule cells (D'Angelo et al. 1995) . We also observed a slow decay of synaptic current after stimulus trains, as did Overstreet et al. (1999) , that may reflect slow clearance of glutamate from glomeruli. Consistent with this idea is the observation that glutamate transporters are excluded from glomeruli and synaptic nests in cochlear nucleus (Josephson and Morest 2003) . One major difference is in the prominence of glycinergic transmission in cochlear granule cells because inhibition of cerebellar granule cells appears to be dominated by strong GABAergic input (Farrant and Cull-Candy 1993; Kaneda et al. 1995) . Another striking difference is in the sensitivity to background GABA levels. ␣6 subunit is a key component of GABA A receptors generating tonic current and is expressed in both cerebellar and cochlear granule cells (Funfschilling and Reichardt 2002; Laurie et al. 1992; Varecka et al. 1994) , However, ␦ subunits, apparently also essential for tonic current (Farrant and Nusser 2005) , are absent in the granule cells of the DCN (Campos et al. 2001) ; presumably this difference accounts for why the auditory granule cells are not sensitive to low concentrations of GABA. 10 . Action of glutamate and glycine on granule cell firing. Currents recorded in cell-attached mode were used to monitor firing noninvasively. A: puff application (ϳ3 psi) of glutamate (100 M; 10 ms) increased the frequency of field potentials, and resumed to normal when the drug was washed out. B: application of glycine (100 M; 10 ms) inhibited the field potentials and resumed to normal on washout. C: summary of % change in firing during a 0.5-s period after the puff.
